Interference-dependent crossing over in yeast and mammalian meioses involves the mismatch repair protein homologs MSH4-MSH5 and MLH1-MLH3. The MLH3 protein contains a highly conserved metal binding motif DQHA(X) 2 E(X) 4 E that is found in a subset of MLH proteins predicted to have endonuclease activities (KADYROV et al. 2006) . Mutations within this motif in human PMS2 and S. cerevisiae PMS1 disrupted the endonuclease and mismatch repair activities of MLH1-PMS2 and MLH1-PMS1, respectively (KADYROV et al. 2006; ERDENIZ et al. 2007) . As a first step in determining whether such an activity is required during meiosis, we made mutations in the MLH3 putative endonuclease domain motif (-D523N, -E529K) and found that single and double mutations conferred mlh3-null like defects with respect to meiotic spore viability and crossing over. Yeast two-hybrid and chromatography analyses showed that the interaction between MLH1 and mlh3-D523N was maintained, suggesting the mlh3-D523N mutation did not disrupt the stability of MLH3. The mlh3-D523N mutant also displayed a mutator phenotype in vegetative growth that was similar to mlh3Δ . Overexpression of this allele conferred a dominant negative phenotype with respect to mismatch repair. These studies suggest that the putative endonuclease domain of MLH3 plays an important role in facilitating mismatch repair and meiotic crossing over. Nishant et al. 3 
INTRODUCTION
In most organisms, segregation of homologous chromosomes in the Meiosis I (MI) division requires crossing over between homologs. The physical manifestations of these crossover events, chiasmata, provide the contacts between homologous chromosomes that are necessary for segregation (JONES 1987) . These contacts ensure the generation of a bipolar spindle in which tension is generated at the kinetochores (MAGUIRE 1974) . The subsequent release of sister chromatid connections at chiasmata is thought to be critical for the MI division (STORLAZZI et al. 2003; YU and KOSHLAND 2005) . In Saccharomyces cerevisiae, two crossovers rarely occur within the same genetic interval (positive crossover interference) and smaller chromosomes tend to display less positive interference than larger ones (KABACK et al. 1999; MORTIMER et al. 1974; SHINOHARA et al. 2003) . The result of this regulation is that every chromosome, regardless of size, receives at least one reciprocal exchange (JONES 1987) .
In S. cerevisiae meiotic crossing over is induced by programmed double-strand breaks that are processed into crossovers through the formation and disappearance of single-end invasion (SEI) and double-Holliday junction (dHJ) intermediates (see OH et al. 2007) . The majority of the meiotic crossovers are interference-dependent and involve the MutS mismatch repair homologs MSH4-MSH5 and the MutL mismatch repair homologs MLH1-MLH3 (ARGUESO et al. 2004; DE LOS SANTOS et al. 2003) . Strains bearing mutations in these genes display a reduction in crossing over, but are functional in meiotic gene conversion. S. cerevisiae also has an additional interferenceindependent meiotic crossover pathway involving the endonuclease MUS81-MMS4 (DE LOS SANTOS et al. 2003) . The MUS81-MMS4 endonuclease is thought to create crossovers, either by direct resolution of the Holliday junction (HJ), or by cleaving D-loops and half HJ structures formed in a pre-HJ intermediate (HOLLINGSWORTH and BRILL, 2004; GASKELL et al. 2007; BODDY et al. 2001) . Although the components of both pathways are present in mice and humans, genetic, cytological, and biochemical studies suggest that meiotic crossovers in the mouse occur primarily through an interference-dependent pathway involving MSH4-MSH5 and MLH1-MLH3 Nishant et al. 4 (ABRAHAM et al. 2003; CICCIA et al. 2003; LIPKIN et al. 2002; SANTUCCI-DARMANIN et al. 2002; WOODS et al. 1999) .
Genetic, biochemical, and cell biological data in yeast and mice suggest that MSH4-MSH5 functions prior to MLH1-MLH3 in interference-dependent meiotic crossing over (ARGUESO et al. 2004; HUNTER and BORTS 1997; SANTUCCI-DARMANIN et al. 2002; WANG et al. 1999) . 1.
Cytological studies in mice have shown that MSH4-MSH5 foci are observed at zygotene, MLH3 is associated with recombination nodules at early pachytene, and MLH1 then associates with MLH3 in mid-pachytene LIPKIN et al. 2002; KOLAS et al. 2005) . 2. Analysis of mouse and human spermatocytes indicated that the MLH1 foci on pachytene chromosomes correspond to chiasmata/crossover sites. These foci are thought to be associated with a subset of MSH4-MSH5 foci that become crossovers (BAKER et al. 1996; BARLOW and HULTEN 1998) . 3.
Biochemical studies using mouse meiotic cell extracts showed that MSH4 co-immunoprecipitated with MLH3 (SANTUCCI-DARMANIN et al. 2002) . 4. Consistent with MSH4-MSH5 functioning prior to MLH1-MLH3, genetic analysis in yeast showed that msh5Δ mlh1Δ double mutants display crossover defects similar to those seen in msh5Δ mutants (ARGUESO et al. 2004; WANG et al. 1999 ).
The MSH4-MSH5 and MLH1-MLH3 proteins have also been shown to act as procrossover factors that act in opposition to SGS1 to promote crossing over at designated chromosome sites and to prevent aberrant crossing over (JESSOP et al. 2006; OH et al. 2007) . The mechanisms by which MSH4-MSH5 and MLH1-MLH3 accomplish these tasks are unknown. One hypothesis is that MSH4-MSH5 stabilizes Holliday junction intermediates (SNOWDEN et al. 2004 ) and MLH1-MLH3 activates and directs an unknown downstream factor that resolves HJ intermediates into crossovers (HOFFMANN and BORTS, 2004; WHITBY 2005) .
Human MLH1-PMS2 (hMutLα) and yeast MLH1-PMS1 contain an ATP .
Mn
2+ -dependent latent endonuclease activity that is essential for mismatch repair, possibly by providing access for EXO1 to participate in excision steps (KADYROV et al. 2006; . This activity has also been hypothesized to act in strand discrimination steps in organisms that lack MutH-directed mismatch repair (KAYDROV et al. 2007) . The DQHA(X) 2 E(X) 4 E metal binding motif in the human PMS2
and yeast PMS1 subunits of MutLα was shown to be critical for this activity. Mutations in this site in yeast and humans (pms2-D699N, pms2-E705K, pms1-E707K) abolish MutLα endonuclease activities, resulting in a defect in mismatch repair (KADYROV et al. 2006; DESCHENES et al. 2007 ). In addition, like pms1Δ, the pms1-E707K yeast mutant is defective in suppressing recombination between divergent DNA sequences and in the mismatch repair-dependent response to DNA methylation damage ).
The MLH3 homologs in yeast and humans contain the highly conserved metal binding motif implicated in MutLα endonuclease activity (KADRYOV et al. 2006) . We analyzed point mutations within the endonuclease domain of S. cerevisiae MLH3 for their effect on meiotic crossing over and the repair of frameshift mutation intermediates. Our genetic and biochemical analyses suggest that the MLH3 endonuclease domain is important for both processes.
MATERIALS AND METHODS

Media:
Yeast strains were grown in either YPD (yeast extract, peptone, dextrose) media or minimal selective media (ROSE et al. 1990 ) and transformed as described previously (GIETZ et al. 1995) . YPD media was supplemented with geneticin (Invitrogen, San Diego) and nourseothricin (Hans-Knoll Institute fur Naturstoff-Forschung) as described previously (WACH et al. 1994; GOLDSTEIN and MCCUSKER 1999) .
MLH3 plasmids: Details on how to make all vectors are available upon request. All mutant alleles were constructed by Quick Change (Stratagene). The mutant alleles were subcloned into wild-type vector backbones and verified by DNA sequencing (Cornell BioResource Center).
SK1 MLH3 containing the 1.5 kb KANMX4 fragment inserted 40 bp downstream of the MLH3 stop codon was cloned into pUC18 to create the single-step integrating plasmid pEAI254.
This plasmid was mutagenized by Quick Change (Stratagene) to create plasmids pEAI253 (mlh3-E529K), pEAI252 (mlh3-D523N), and pEAI251 (mlh3-D523N, E529K). Nishant et al. 6 pEAE220 (GAL10-MLH3, 2µ, URA3) contains the GAL10 promoter driving expression of S288c MLH3. pEAE282 (mlh3-D523N) and pEAE289 (mlh3-E529K) are pEAE220 derivatives created using Quick Change. These plasmids were used in the dominant-negative experiments presented in Table 3 . pEAE280 (GAL10-HA-MLH3, 2µ, URA3) is a derivative of pEAE220 that contains an HA-tag (YPYDVPDYA) inserted after the first codon of S288c MLH3. pEAE283 (HAmlh3-D523N) and pEAE290 (HA-mlh3-E529K) are derivatives of pEAE280 created by Quick
Change. These plasmids were used in the Western blots presented in Figure 4A . pEAE279
(GALPGK-HA-MLH3, 2µ, leu2-d) was constructed by inserting the HA-MLH3 sequence from pEAE280 into the pMMR20 backbone (GALPGK, 2µ, leu2-d, a kind gift of L. Prakash). pEAE287
(GALPGK-HA-mlh3-D523N, 2µ, leu2-d) and pEAE291 2µ, are derivatives of pEAE279 that were constructed by Quick Change. These vectors were used for the chitin bead column chromatography presented in Figure 4B .
The following vectors were used in two-hybrid analysis: The target S288C MLH3 plasmid (pEAM98) contains a fusion between the GAL4 activation domain in pGAD10 and residues 481 to 715 of the MLH3 C-terminus (WANG et al. 1999) . mlh3 derivatives of pEAM98 (pEAM170-mlh3-D523N, pEAM171-mlh3-E529K and pEAM169-mlh3-D523N,E529K) were made using Quick Change.
Tetrad Analysis: The parental SK1 congenic strains EAY1108 (MATa, ho::hisG, lys2, ura3, leu2::hisG, trp1::hisG, and EAY1112 (MATα, ho::hisG, lys2, ura3, leu2::hisG, trp1::hisG, ade2::hisG, his3::hisG, were mated to create the wild-type diploid reference strain (ARGUESO et al. 2004) . EAY1108/EAY1112 diploids homozygous for mlh3Δ and mms4Δ mutations were created by sequential deletion in the haploid strains using the KANMX4 and NATMX4 selectable markers, respectively (WACH et al. 1994; GOLDSTEIN and MCCUSKER 1999) . MLH3 endonuclease domain point mutants were created by single-step gene replacement transformation using the SK1 derived mlh3 plasmids described above.
For the mutant analyses, at least two independent transformants for each genotype were analyzed. Diploids created by mating EAY1108 and EAY1112 parental strains and mutant derivatives were sporulated using the zero-growth mating protocol (ARGUESO et al. 2003) . Spore clones were replica plated onto minimal drop-out plates and incubated overnight. Segregation data were analyzed using the recombination analysis software RANA (ARGUESO et al. 2004) . Genetic map distances were determined by the formula of PERKINS (1949) . Statistical analysis of genetic map distances was done using the Stahl Laboratory Online Tools (http://groik.com/stahl/) and VassarStats (http://faculty.vassar.edu/lowry /VassarStats.html).
Two-hybrid analysis:
The L40 strain was co-transformed with the bait vector (pBTM-MLH1) and the target vector pEAM98 or its mutant derivatives pEAM169, pEAM170, and pEAM171. Expression of the lacZ reporter gene was determined by the ONPG and color filter assays as described (PANG et al. 1997) . Activation of the HIS3 reporter was also measured. (TRAN et al. 1997) . 16-18 independent cultures from at least three independent transformants were assayed and the mutation rate was determined as described previously (HECK et al. 2006) .
Lys
To test for dominant negative effects due to MLH3, mlh3-D523N and mlh3-E529K
overexpression, the S288c strain EAY1269 (MATa, ura3, trp1, was transformed
plasmids that over express the indicated genes (all S288c derived). The mutation rate for mlh1Δ was examined in the S288c strain EAY1366 (MATa, leu2, ura3, trp1, his3, mlh1Δ::KANMX4) . For testing Lys + reversion 12-20 independent cultures from at least 3 independent transformants were grown from single colonies for 22 hrs at 30 C in minimal selective media containing 2% sucrose. These cultures were diluted 1:120 in minimal selective media containing 2% sucrose and 2 % galactose, and then grown for 24 hrs at 30 C. Appropriate dilutions were then plated on minimal selective media containing 2% galactose and 2% sucrose with or without lysine to determine the mutation rate.
Protein expression and purification: BJ2168 (MATa, ura3-52, trp1-289, leu2-3,112, prb1-1122, prc1-407, pep4-3) transformed with pMH1(GAL10-MLH1-VMA1-CBD, 2µ, TRP1, gift from T. Kunkel) and pEAE220, pEAE280, pEAE283, or pEAE290 was induced in galactose media (0.5 L inductions yielding ~2 g cell pellets) using methods described by HALL and KUNKEL (2001) .
Cells were pelleted, washed with chitin buffer (25 mM Tris pH 8.0, 500 mM NaCl, 10% glycerol, 1 mM EDTA), re-pelleted and resuspended in SDS-protein loading buffer. Samples were subjected to 8% SDS-PAGE and then transferred to a nitrocellulose membrane. Membranes were blocked with 4% milk overnight, and probed with 12CA5 (α -HA, Roche) antibody, followed by incubation with α-mouse IgG secondary antibody (Jackson Immunoresearch). Proteins were visualized by the ECL detection method (Amersham/GE). mlh3 proteins were expressed as described above for wild-type MLH3.
For chitin bead column chromatography, proteins were expressed (5 L inductions, ~ 17 g of induced cell pellet) from BJ2168 transformed with pMH1 and pEAE279, pEAE287, or pEAE291 as described above. After the chitin buffer wash step the cells were resuspended as a thick paste in a small volume of chitin buffer and frozen as drops in liquid nitrogen. The frozen cells were ground up with dry ice in a coffee grinder for lysis. After sublimation of the dry ice overnight at -20˚C, cells were thawed on ice and resuspended in 50 ml chitin buffer containing 1 mM PMSF. Chitin bead column chromatography was performed as described (HALL and KUNKEL 2001) . Briefly, the lysates were cleared by centrifugation and the supernatant was loaded onto a 2 ml chitin bead column equilibrated with chitin buffer. The column was washed with 10 column volumes of chitin buffer followed by 5 column volumes of ATP wash buffer (25 mM Tris pH 8.0, 200 mM KCl, 10%
glycerol, 3 mM MgCl 2 , 1mM PMSF, 400 µM ATP). Proteins were eluted with 3 column volumes of elution buffer (25 mM Tris (pH 8.0), 100 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM PMSF, 50 mM DTT). After SDS-PAGE, protein samples were analyzed by Western blot analysis as described above.
RESULTS
mlh3 putative endonuclease domain point mutants show defects in spore viability similar to mlh3Δ: MLH3 homologs contain a highly conserved DQHA(X) 2 E(X) 4 E motif in the Cterminus ( Figure 1A ) that is thought to be a part of an endonuclease active site (KADYROV et al.
2006). Mutations in this motif disrupted MutLα−dependent (MLH1-PMS1 in yeast, MLH1-PMS2
in humans) endonuclease activities and mismatch repair (KADYROV et al. 2006; ERDENIZ et al. 2007) . To test whether this motif is important for MLH3 meiotic functions, we made single and double point mutations in MLH3 (D523N, E529K) that correspond to the human PMS2 and S.
cerevisiae PMS1 endonuclease mutations (KADYROV et al. 2006; . The mutations in PMS2
and PMS1 did not affect their protein expression, the stability of the MutLα complex, or interactions between MutLα and MutSα (KADYROV et al. 2006; . The point mutations in MLH3 were introduced into the EAY1108/EAY1112 strain set (ARGUESO et al. 2004) and tested for their effect on spore viability. All the three mlh3 endonuclease point mutations (mlh3-D523N, mlh3-E529K and mlh3-D523N,E529K) conferred spore viability defects similar to mlh3Δ ( Figure 1B ). Diploid strains heterozygous for the mlh3-D523N, mlh3-E529K and mlh3-D523N,E529K mutations showed spore viability similar to wild-type, indicating that the mutations were recessive ( Figure 1B , data not shown).
The spore viability profile of the mlh3 mutants (excess of 4, 2, 0 spore viable tetrads over 3, 1) is consistent with high levels of MI non-disjunction (ROSS-MACDONALD and ROEDER 1994; HOLLINGSWORTH et al. 1995; HUNTER and BORTS 1997; ARGUESO et al. 2003 88%, n = 198) . These values were higher than seen in mlh1Δ (72%, ARGUESO et al. 2004) . The lower level of sisters in mlh1Δ is likely due to random spore death resulting from the mlh1Δ mismatch repair defect.
The mlh3-D523N mutant shows mlh3Δ-like defects in meiotic crossing over: The mlh3-D523N mutation conferred an mlh3Δ-like phenotype for meiotic crossing over. We measured crossover frequency for mlh3-D523N in four consecutive genetic intervals on Chromosome XV in complete tetrads in the EAY1108/EAY1112 strain background ( Figure 2A ). We found that in all four intervals crossing over in mlh3-D523N mutant was similar to mlh3Δ. The sums of the genetic distances for the four intervals (URA3-HIS3) were 54.1 cM for mlh3-D523N, 56.2 cM for mlh3Δ and 100.9 cM for wild-type ( Figure 2B , Table 1 ). These values did not change significantly when determined from single spores (50.2 cM for mlh3Δ, 49.7 cM for mlh3-D523N , 96.1 cM for wildtype strain). Previously we observed that mlh1Δ mms4Δ mutants displayed a defect in meiotic crossing over that was much more severe than in the single mutants, 13-15 fold reduced compared to wild-type (ARGUESO et al. 2004) . This observation was consistent with crossing over in S.
cerevisiae occurring primarily through MSH4-MSH5/MLH1-MLH3 and MUS81-MMS4 dependent pathways (ARGUESO et al. 2004) . As shown in Table 1 and Figure 2B , crossovers were reduced by 15-(single spores) to 17-fold (complete tetrads) in mlh3-D523N mms4Δ mutant compared to wildtype. A similar decrease in crossing over was observed in the mlh3Δ mms4Δ strains (12-fold in complete tetrads, 13-fold in single spores). Like mlh1Δ mms4Δ, high spore viability was seen in mlh3-D523N mms4Δ (56 %, Figure 1 ) and mlh3Δ mms4Δ (52 %), consistent with crossoverindependent mechanisms for chromosome segregation (ARGUESO et al. 2004) .
mlh3Δ mutants show wild-type levels of meiotic gene conversion (WANG 1999) . The sum of conversion events at TRP1, URA3, LEU2, LYS2, ADE2, and HIS3 loci was 1.7% for wild-type, 2.7% for mlh3-D523N, and 1.0 % for mlh3Δ, with no PMS events seen in the data set (data not shown; ARGUESO et al. 2004 ).
The mlh3-D523N mutant is defective in repair of frameshift mutation intermediates:
FLORES-ROZAS and KOLODNER (1998) proposed that MLH1-MLH3 partially substitutes for MLH1-PMS1 to repair insertion/deletion mismatches recognized by MSH2-MSH3. Consistent with this, the mlh3Δ mutation conferred a modest elevation (13 to 21 fold) in the rate of reversion to Lys + in strains containing 10 nucleotide insertions of mononucleotide repeats in the LYS2 gene (HARFE et al. 2000) . We used the lys2::InsE-A 14 strain (TRAN et al. 1997) to examine the contribution of the putative endonuclease activity of MLH3 in the repair of frameshift mutation intermediates. As shown in Table 2 , the mlh3Δ mutant displayed a 6.3 fold higher mutation rate than wild-type; a similar increase was seen for the mlh3-D523N mutant (7.9 fold). These results suggest that the putative endonuclease domain of MLH3 is required for this repair.
The mlh3-D523N mutation does not affect protein stability or interaction with MLH1:
The mlh3 endonuclease point mutations were tested for their effect on MLH1-MLH3 interactions using the yeast two-hybrid assay. As shown in Figure 3 , the interaction between MLH1-mlh3-D523N was indistinguishable from wild-type as measured using LacZ (Figure 3 ) and HIS3 (data not shown) reporters. We failed to detect two-hybrid interactions between MLH1 and mlh3-E529K and MLH1 and mlh3-D523N, E529K.
We examined the stability of wild-type and mutant MLH3 in Western blot analysis and during the purification of the MLH1-MLH3 complex. N-terminal HA-tagged versions of MLH3, mlh3-D523N, and mlh3-E529K were created and expressed from GAL10, URA3, 2µ plasmids (MATERIALS and METHODS). HA-MLH3 and HA-mlh3-E529K were detected at similar levels by Western blot analysis of whole cell extracts probed with α-HA antibody ( Figure 4A ). HA-mlh3-D523N appeared to be expressed at several-fold higher levels. The low signal of strains bearing these overexpression constructs suggests that it would be difficult to detect endogenous levels of HA-MLH3. To test whether mlh3-D523N co-purifies with MLH1, we subjected the supernatant obtained from whole cell extracts to chitin bead column chromatography. The strains used to make these extracts contain MLH3 plasmids that are present at extremely high copy numbers (2µ, leu2-d, ~400 copies per cell). Because MLH1 is expressed as a chitin binding domain fusion, this column will retain proteins that co-purify with MLH1 (HALL and KUNKEL 2001) . MLH1 and associated proteins were then eluted from the column by activating cleavage of the chitin-binding domain from MLH1. HA-MLH3 (~ 83 kD) and HA-mlh3-D523N were both found in the eluate when MLH1 (~87 kD) was co-overexpressed, whereas HA-mlh3-E529K was not detected, and HA-MLH3 was not detected in the absence of MLH1 co-expression ( Figure 4B ). These results are consistent with the D523N mutation not affecting the stability of MLH3 or the ability of MLH3 to interact with MLH1, and the mlh3-E529K mutation disrupting MLH1-MLH3 interactions. At present we have not determined if the band migrating in the Coomassie gel at ~87 kD is primarily MLH1 or contain stoichiometric amounts of MLH1 and MLH3.
mlh3-D523N confers a dominant negative phenotype: SHCHERBAKOVA and KUNKEL (1999) showed that overexpression of MLH1 conferred a mutator phenotype that approached the mutator phenotype observed in mlh1Δ strains. As shown in Figure 4A) . The above information, combined with the protein expression and interaction data, suggests that MLH1-mlh3-D523N forms a stable complex that is defective for both MMR and meiotic functions.
DISCUSSION
We initiated this study to determine whether the putative endonuclease domain of MLH3 contributes to its meiotic functions. We found that the mlh3-D523N mutant was indistinguishable from mlh3Δ in vegetative mutator and meiotic spore viability and crossing over assays, and that the mlh3-D523N mutation conferred a dominant-negative phenotype in mutator assays. In addition, the mlh3-D523N mutant protein appeared stable and showed wild-type interactions with MLH1 as measured in two-hybrid and column chromatography assays. This information, in conjunction with the finding that the MLH3 endonuclease motif is highly conserved in eukaryotes, suggests that MLH1-MLH3 complex possesses an endonuclease activity that is required for both mismatch repair and meiotic functions. Biochemical detection of such an activity will be required to confirm this hypothesis.
How might an MLH1-MLH3 endonuclease function contribute to both mismatch repair and meiotic functions? Biochemical studies showed that the MutLα endonuclease randomly nicks supercoiled DNA in the presence of ATP-Mn 2+ (KADYROV et al. 2006) . During mismatch repair in vitro, the MutLα endonuclease activity was targeted to the discontinuous DNA strand and was localized to DNA surrounding the mismatch site. This restriction of MutLα endonuclease activity required mismatch DNA, MutSα and ATP-Mg 2+ (KADYROV et al. 2006) . Based on this information we hypothesize that MSH2-MSH3 localizes MLH (MLH1-PMS1 or MLH1-MLH3) endonuclease activity during the repair of loop insertion/deletion mismatches. At present it is not clear in eukaryotes how meiotic crossover products form from Holliday junction intermediates. One possibility is that MLH3 endonuclease activity acts as a Holliday junction resolvase. Alternatively, such an activity could generate precursor recombination intermediates prior to crossover formation.
In either model it is attractive to propose that MSH4-MSH5 functions to restrict the MLH1-MLH3 endonuclease activity to recombination intermediates that are resolved to crossover products. Such an idea is supported by findings suggesting that MLH1-MLH3 acts downstream of MSH4-MSH5
(INTRODUCTION) and that MSH4-MSH5 can bind Holliday junctions in vitro (SNOWDEN et al. 2004) . Further tests of the above models will require biochemical analyses of MSH4-MSH5 and MLH1-MLH3 activities on model recombination substrates. OH et al. (2007) and JESSOP et al. (2006) showed in physical and genetic assays that the reduction of crossovers observed in mlh3, msh4, and msh5 mutants could be suppressed by the sgs1-ΔC795 mutation. These studies suggest that SGS1 antagonizes the procrossover functions of MSH4-MSH5 and MLH1-MLH3. Based on these observations, we would not have expected to see suppression of the mlh3Δ crossover defect by the sgs1-ΔC795 mutation if MLH1-MLH3 acted as the sole junction resolvase during meiosis. If MLH1-MLH3 is indeed a resolvase, then one way to explain this dilemma is that resolvase activity is functionally redundant in S. cerevisiae and that MMS4-MUS81 could act in the absence of MLH1-MLH3. Such an idea is supported by the finding that crossing over is severely decreased in mlh1Δ mms4Δ and mlh3Δ mms4Δ mutants ( Figure 2B ; ARGUESO et al. 2004 ). Unfortunately it is not possible to test this directly by examining the sgs1-ΔC795 mlh3Δ mms4Δ triple mutant because sgs1Δ mms4Δ double mutants are inviable (MULLEN et al. 2001) . It will be informative to examine recombination intermediates by two-dimensional electrophoresis in mlh3Δ, mlh3-D523N, and mms4Δ mlh3-D523N to determine if dHJ's accumulate in the mms4Δ mlh3-D523N double mutant as predicted above.
Based on mutational analysis of the PMS1 endonuclease domain, we were surprised that the mlh3-E529K mutation disrupted the interaction between MLH1 and MLH3 in chromatography and two-hybrid assays. These results suggest that there is an overlap between the MLH3 putative endonuclease domain and residues required for interaction with MLH1 that was not seen for the yeast and human MutLα complexes. Such an observation is of interest because MLH3 foci were shown to associate with chromosomes prior to MLH1 in mouse spermatocytes, suggesting that MLH1-MLH3 interactions are dynamic (LIPKIN et al. 2002 , KOLAS et al. 2005 . Studies aimed at understanding this interaction are ongoing. (GAL10-mlh3-E529K, 2µ) was examined for reversion to Lys + (MATERIALS and METHODS).
The mutation rates, actual (95% C. I.), and relative to EAY1269 transformed with pEAO34, are presented. n = number of independent cultures tested. *Mutation rate determined for EAY1366. 
